Aims/hypothesis We have previously shown that NADPH oxidase (NOX) lies upstream of uncoupled endothelial nitric oxide synthase (eNOS), which is known to occur in diabetic endothelium. However, it remains unclear which specific NOX isoform(s) is responsible for eNOS uncoupling and endothelial dysfunction in diabetic mouse models. The aim of the present study was to test the hypothesis that one or more NOX isoform(s) mediate(s) diabetic uncoupling of eNOS, which has been shown to occur in patients with diabetes to contribute to endothelial dysfunction. Methods Diabetes was induced by streptozotocin administration. The N ω -nitro-L-arginine methyl ester (L-NAME)-sensitive superoxide production of aortic segments, reflective of eNOS uncoupling activity, was determined by electron spin resonance. Results The L-NAME-sensitive superoxide production was more than doubled in wild-type diabetic mice, implicating uncoupling of eNOS. This was abolished in diabetic p47 phox−/− (also known as Ncf1
ω -nitro-L-arginine methyl ester (L-NAME)-sensitive superoxide production of aortic segments, reflective of eNOS uncoupling activity, was determined by electron spin resonance. Results The L-NAME-sensitive superoxide production was more than doubled in wild-type diabetic mice, implicating uncoupling of eNOS. This was abolished in diabetic p47 phox−/− (also known as Ncf1 −/− ) mice, but preserved in Nox2 −/y (also known as Cybb −/− ) mice made diabetic. The eNOS uncoupling activity was markedly attenuated in diabetic mice transfected with Nox1 or Nox1 organiser 1 (Noxo1) short interfering RNA (siRNA), and abolished in Nox1 −/y diabetic mice. Diabetes-induced impairment in endotheliumdependent vasorelaxation was also significantly attenuated in the Nox1 −/y mice made diabetic. By contrast, Nox4 siRNA, or inhibition of mitochondrial complex I or III with rotenone or siRNA, respectively, had no effect on diabetic uncoupling of eNOS. Overexpression of Dhfr, or oral administration of folic acid to improve dihydrofolate reductase (DHFR) function, recoupled eNOS in diabetes to improve endothelial function. Conclusions/interpretation Our data demonstrate for the first time that the p47 phox and NOXO1-dependent activation of NOX1, but not that of NOX2, NOX4 or mitochondrion, mediates diabetic uncoupling of eNOS. NOX1-null mice are protected from diabetic endothelial dysfunction. Novel approaches to inhibit NOX1 and/or improve DHFR function, may prove to have therapeutic potential for diabetic endothelial dysfunction. 
Introduction
Accumulating evidence has indicated that oxidative stress contributes to diabetic cardiovascular complications. What remain unclear are the enzymatic sources of sustained reactive oxygen species (ROS) production in diabetic blood vessels. NADPH oxidase (NOX) is now recognised as an important enzymatic system responsible for vascular ROS production in diseases such as hypertension and atherosclerosis [1] [2] [3] , as well as in both type 1 and type 2 diabetes mellitus [4] [5] [6] . We and others have shown that in the diabetic endothelium, uncoupled endothelial nitric oxide synthase (eNOS) represents the predominant source of superoxide [4, 5] , following an initial activation of NOX that is angiotensin II-dependent. However, NOX remains active in the vascular smooth muscle cells [5, 7] . Indeed, angiotensin II uncoupling of eNOS requires upstream activation of NOX [8] .
The next important question would be to identify which NOX isoform is specifically involved in eNOS uncoupling in diabetes, as different NOX isoforms have been shown to have differential roles in mediating vascular pathogenesis [9] . In addition, increased mitochondrial ROS production has been implicated in diabetic endothelium. The interrelationship between uncoupled eNOS and mitochondrial activation in diabetes is also unknown. Since, in patients with diabetes, eNOS uncoupling contributes to endothelial dysfunction [10, 11] , the anticipated new findings would have therapeutic potential for treating vascular diseases in diabetic patients.
One or more functional NOX isoforms are produced in vascular cells. The NOX family is categorised into isoforms of the membrane-spanning catalytic subunit. Among family members of NOX1, NOX2 (previously known as gp91 phox ), NOX3, NOX4 and NOX5, NOX1 and 4 are produced in vascular smooth muscle and NOX1, 2, 4 and 5 are present in endothelial cells. NOX1, 2 and 4 bind p22 phox for their activation, whereas NOX5 is believed to function independently of the traditional NOX regulatory subunits [12] . NOX1 is believed to interact with the p47 phox homologue NOX organiser 1 (NOXO1) [13] , the p67 phox homologue NOX activator 1 and Rac1 [14] . However, p47 phox binding to NOX1 is also functionally critical [15] . Both NOX1-null and p47 phox -null mice have attenuated blood pressure in response to angiotensin II [16] [17] [18] . Phosphorylation and membrane translocation of p47 phox is also known to activate NOX2. We have recently demonstrated that oral folic acid supplementation potently recouples eNOS in angiotensin II-induced hypertension via a novel mechanism of restoring endothelial dihydrofolate reductase (DHFR) production and activity [19] . A folic acid diet preserves tetrahydrobiopterin (H 4 B) and nitric oxide bioavailabilities to reduce oxidative stress in both angiotensin II-treated endothelial cells and mice [19] . We have also shown that overexpression of DHFR protects eNOS from being uncoupled by angiotensin II [8, 20] . Therefore in the present study we aimed to identify specific NOX isoform(s) responsible for diabetic uncoupling of eNOS; clarify interrelationships among NOX, mitochondrion and uncoupled eNOS; and discover novel therapeutics targeting uncoupled eNOS in diabetes.
Methods
Animals and induction of diabetes Male C57BL/6 mice (3-4 months old) were purchased from Charles River Laboratories (Hollister, CA, USA) and used as wild-type (WT) controls. Age-matched NOX2-null (Nox2 −/y ) and p47 phoxnull (p47 phox−/− ) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA), and bred and maintained at the University of California Los Angeles (UCLA). The NOX1-null (Nox1 −/y ) founder mice were generously provided by Dr Karl-Heinz Krause from the University of Geneva [18] . To induce diabetes, the mice were injected with streptozotocin (STZ, 100 mg/kg) intravenously for three consecutive days [7] . Blood glucose was determined using a One Touch Ultra blood glucose meter (Lifescan, Milpitas, CA, USA) before STZ injection (day 0) and on the harvest day (day 7). On day 7, mice were killed and aortic tissues were collected for measurements of superoxide production in the presence or absence of N ω -nitro-L-arginine methyl ester (L-NAME). The Institutional Animal Care and Usage Committee at UCLA approved the use of animals and experimental procedures.
Electron spin resonance detection of superoxide production Freshly isolated aortas were carefully and thoroughly cleaned of adhering fat in ice-cold modified Krebs/HEPES buffer and cut into 3 mm rings. The superoxide-specific spin trap methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine (CMH, 1 mmol/l; Axxora LLC, San Diego, USA) solution was freshly prepared in nitrogen gas-bubbled Krebs/HEPES buffer containing diethyldithiocarbamic acid (DETC, 5 μmol/l; Sigma-Aldrich, St Louis, MO, USA) and deferoxamine (25 μmol/l; Sigma-Aldrich). Aortic rings were mixed with spin trap solution and loaded into glass capillary for analysis of the superoxide signal using an e-Scan electron spin resonance spectrophotometer (Bruker BioSpin, Rheinstetten, Germany). Some aortic rings were preincubated with 100 μmol/l L-NAME or 50 μmol/l 1400W on ice for 1 h before the addition of spin trap solution. Folic acid and rotenone administration Folic acid (15 mg/kg per day) or rotenone (80 mg/kg per day) was orally administrated to mice using customised food tablets [19] . In brief, standard mouse chow was grounded, mixed well with folic acid or rotenone, and food tablets were produced by an inhouse customised press machine. All mice were fed ad libitum and tablets with folic acid or rotenone were replaced every 2 days. Folic acid or rotenone treatments were started 2 days before STZ injection.
HPLC detection of circulating rotenone levels The circulating levels of rotenone in mice were determined by HPLC analysis as previously described [23] . Plasma was separated from 200 μl whole blood, and rotenone was extracted with the same volume of dichloromethane (Sigma-Aldrich) for 15 min. After centrifugation at 12,000 rpm for 10 min, the organic phase was evaporated using a centrifugal evaporator for 10 min. The extracted pellet was dissolved in 35 μl acetonitrile, and 15 μl of the sample was injected into a C18 column for analysis. The rotenone concentration was monitored at 214 nm. The mobile phase was 70% methanol with a flow rate of 1 ml/min. The retention time for the rotenone peak is 15.5 min.
HPLC detection of circulating 5-MTHF levels The circulating levels of 5-methyltetrahydrofolic acid (5-MTHF) in mice were determined by HPLC analysis as described by Lu et al [24] . Whole blood was frozen and thawed to lyse erythrocytes and 300 μl ascorbic acid 57 mmol/l was added to 100 μl blood. After being vortexed for 30 s and incubated at 37°C for 60 min to accelerate the conversion from 5-MTHF polyglutamate to 5-MTHF monoglutamate, samples were diluted with 600 μl potassium phosphate dibasic buffer 0.2 mol/l containing 30 mmol/l mercaptoethanol (pH 8.5). Samples were heated at 100°C for 15 min for deproteination. After being vortexed for 30 s and centrifuged at 10,000 g for 15 min, the supernatant fraction was collected and used for HPLC analysis.
As for the standards, 2 mg/ml 5-MTHF was dissolved in 0.01 mol/l potassium phosphate dibasic containing 57 mmol/l ascorbic acid (pH 7.1), and its dilute was spiked into blood matrix. The concentration of 5-MTHF was monitored by fluorescent detection (295/360 nm). The mobile phase was composed of methanol and 0.6% acetic acid in water (14:86, vol./vol.) with a flow rate of 1 ml/min.
HPLC for aortic H 4 B content Aortic content of H 4 B was determined by HPLC analysis as previously described [5, 19] .
Assessment of endothelium-dependent vasorelaxation Aortic ring was prepared in Krebs solution (119 mmol/l NaCl, 4.7 mmol/l KCl, 1.2 mmol/l MgSO 4 , 1 mmol/l KH 2 PO 4 , 2.5 mmol/l CaCl 2 , 25 mmol/l NaHCO 3 and 5.6 mmol/l glucose) gassed with 5% CO 2 in O 2. Under the microscope a triangular vessel hook was placed through the lumen of a 3 mm vessel segment, which was then mounted into an organ bath (Myobath II; WPI, Sarasota, FL, USA). Aortic rings were stretched with 800 mg of tension and then equilibrated for 90 min. After equilibration, rings were precontracted with 1 μmol/l phenylephrine and then exposed to incremental concentrations of acetylcholine (10 −9 to 10 −6 mol/l). Data acquisition was performed using Data-
Trax hardware and Lab-Trax software (WPI).
Statistical analysis Statistical analyses were performed with one-way ANOVA. When ANOVA indicated significant differences, Tukey's post hoc test was used for multiple comparisons. Statistical significance was set at p<0.05. Relaxation data were analysed by two-way ANOVA, followed by Bonferroni's post hoc test. All grouped data shown in the figures are presented as mean ± SEM.
Results p47 phox -dependent NOX mediates diabetic uncoupling of eNOS To examine if the specific NOX isoform(s) mediating eNOS uncoupling in diabetes is p47 phox -dependent, we subjected WT and p47 phox−/− mice to STZ induction of diabetes. Plasma blood glucose was significantly increased to 27.44± 1.9 mmol/l in the WT diabetic mice (from 8.63±0.7 mmol/l on day 0). As shown in Fig. 1a , neither knockout of p47 phox nor knockout of NOX2 (using NOX2-null mice; see below) affected STZ-induced hyperglycaemia. Of interest, blood glucose levels were lower in the p47 phox−/− mice at baseline. L-NAME-sensitive aortic superoxide production, reflective of eNOS uncoupling activity, was more than doubled in the diabetic mice. This is consistent with previous observations [4, 5, 7] . On the other hand, 1400W-dependent superoxide production was not different in the WT and diabetic aortas, as shown in Fig. 1b . Importantly, the eNOS uncoupling activity was substantially attenuated in the p47 phox−/− mice made diabetic (Fig. 1c) , implicating an intermediate role of p47 phox -dependent NOX(s) in diabetic uncoupling of eNOS.
NOX2 does not contribute to eNOS uncoupling in diabetes As a cytosolic regulatory subunit, p47 phox binds NOX1 and NOX2 to modulate their enzymatic activities. p47 phox has been known to be important for vascular NOX activity despite identification of the new homologue NOXO1. NOX2 knockout mice were used to examine a potential role of NOX2 in diabetic uncoupling of eNOS. As shown in Fig. 1d , L-NAME-sensitive superoxide production was not different in WT and Nox2 −/y mice made diabetic. This result indicates that NOX2 does not contribute to eNOS uncoupling in diabetes.
NOX1, rather than NOX4, mediates diabetic uncoupling of eNOS We next employed in vivo RNA interference to examine the potential roles of NOX1 and NOX4 in diabetic uncoupling of eNOS. As shown in Fig. 2a , NOX1 and NOX4 protein levels were effectively reduced by repetitive in vivo siRNA transfection (see Methods section). The blood glucose levels, however, were not affected by Nox1 or Nox4 siRNA transfection (Fig. 2b) . In Nox1 siRNA- WT Nox2 -/y WT Nox2 -/y Fig. 1 p47 phox -dependent NOX, but not NOX2, mediates diabetic uncoupling of eNOS. WT, p47 phox−/− or Nox2 −/y mice were made diabetic by STZ injection (100 mg/kg per day for 3 days). On day 7, blood glucose levels were determined and aortas were harvested for detection of L-NAME-sensitive superoxide production (reflective of eNOS uncoupling activity) using electron spin resonance. a Blood glucose levels. b Superoxide level inhibited by NOS inhibitor L-NAME (left panel) and iNOS inhibitor 1400W (right panel, c). d eNOS uncoupling activity in p47 phox−/− mice. e eNOS uncoupling activity in Nox2 −/y mice. *p<0.05, **p<0.01, ***p<0.001 vs sham mice; † † p<0.01 vs STZ-diabetic WT mice (n09- 13) transfected diabetic mice, eNOS-derived superoxide production was significantly decreased compared with scrambled siRNA-transfected diabetic mice (percentage of control, 161.5±15.39 vs 227.3±25.89; Fig. 2c ). By contrast, Nox4 siRNA transfection had no effect on eNOS uncoupling activity (Fig. 2d) . Transfection of mice with NOXO1 siRNA, however, resulted in a similar attenuation of eNOS uncoupling activity as was found with Nox1 siRNA transfection (Fig. 3a) . Of note, Noxo1 siRNA markedly diminished aortic NOXO1 protein content (Fig. 3b) , without affecting blood glucose levels (Fig. 3c) . These results implicate the roles of NOXO1 and NOX1, but not that of NOX4, in mediating diabetic uncoupling of eNOS.
In additional experiments we employed NOX1-null mice (Nox1 Fig. 3g ). The eNOS uncoupling activity was almost completely abolished in Nox1 −/y mice made diabetic (Fig. 3d) , further confirming a specific and intermediate role of NOX1 in mediating eNOS uncoupling in diabetes. In addition, the impairment in endothelium-dependent vasorelaxation was also markedly improved in the diabetic Nox1 −/y mice (Fig. 3e ). Blood glucose levels were not different in diabetic WT and Nox1 −/y mice (Fig. 3f) . Indeed, NOX1 protein content in diabetes was upregulated more than threefold compared with nondiabetic WT mice ( Fig. 3h-i ). As shown in Fig. 4a , b, eNOS level was not different between WT and diabetic mice. Consistent with our previous findings, DHFR levels and aortic H 4 B contents were markedly attenuated in diabetic mice [5] , which were significantly restored in Nox1 −/y mice (Fig. 4c, d ).
Mitochondrial superoxide does not contribute to diabetic uncoupling of eNOS In view of the observations that mitochondrial production of superoxide is elevated in diabetic endothelium, and that hydrogen peroxide functions as an intermediate for eNOS uncoupling in response to pathological agonists such as angiotensin II [8] , which is also found to mediate diabetic uncoupling of eNOS [5] , we investigated a potential role of mitochondrial ROS in provoking eNOS uncoupling. Inhibitions of mitochondrial complexes in vivo were achieved by RNA interference targeting complex III iron-sulphur centre or a diet containing complex I inhibitor rotenone. Protein abundance of Rieske iron-sulphur was significantly attenuated by siRNA transfection (Fig. 5a ). In parallel experiments, plasma rotenone levels from mice fed the rotenone diet were determined by HPLC analysis. As shown in Fig. 5b , rotenone levels were increased 1 h after feeding, which remained elevated above 0.1 μmol/l throughout the entire study period. However, neither rotenone nor complex III RNA interference attenuated eNOS uncoupling activity in diabetic mice (Fig. 5c ). Blood glucose levels were unaffected by these treatments (Fig. 5d ). These data indicate that mitochondrial superoxide does not contribute to diabetic C57BL/6 mice were made diabetic by STZ injection (100 mg/kg per day for 3 days) and transfected with control, Nox1 or Nox4 siRNA. On day 7, blood glucose levels were determined and aortas were harvested for L-NAME-sensitive superoxide detection using electron spin resonance. a Protein contents of NOX1 and NOX4 in siRNA-transfected diabetic mouse aortas. b Blood glucose levels. c, d eNOS uncoupling activity in scrambled siRNA, Nox1 or Nox4 siRNA-transfected diabetic mice. *p<0.05, **p<0.01, ***p<0.001 vs sham mice; † p<0.05 vs untransfected diabetic mice (n06-7). White bars, sham mice; black bars, STZ-diabetic mice. RNAi, RNA interference; Sc, scrambled uncoupling of eNOS. Whether or not uncoupled eNOS induces mitochondrial dysfunction in diabetes, however, remains to be further investigated.
Recoupling of eNOS in diabetes by restoration of DHFR function
We have previously shown that diabetic uncoupling of eNOS is accompanied by a deficiency in the H 4 B salvage enzyme DHFR [5] . Without affecting blood glucose levels (Fig. 6a) , overproduction of DHFR was induced by in vivo transfection of pcDNA3.1-Dhfr expression vector (Fig. 6b) , which turned out to be highly effective in attenuating eNOS uncoupling activity in diabetic mice (percentage of control, 187.7±44.4 to 97.38±40.21; Fig. 6c ). The impairment in endothelium-dependent vasorelaxation in diabetes was also corrected by DHFR overproduction (Fig. 6d) . Folic acid supplementation recouples eNOS in angiotensin II-induced hypertensive mice via restoration of endothelial DHFR content and activity [19, 20] . Interestingly, oral administration of folic acid also completely attenuated eNOS uncoupling in diabetic mice (Fig. 6e) and NOX1 −/y mice were made diabetic by STZ injection (100 mg/kg per day for 3 days) and transfected with control or Noxo1 siRNA as described in the Methods section. On day 7, blood glucose levels were determined and aortas were harvested for L-NAME-sensitive superoxide detection using electron spin resonance. a eNOS uncoupling activity in control siRNA or Noxo1 siRNAtransfected diabetic mice. (Fig. 6f) . The plasma levels of 5-MTHF, one of the metabolites of folic acid, were unaffected in folic acid-supplemented mice (Fig. 6g) . This is consistent with our previous findings that folic acid restoration of eNOS function is independent of 5-MTHF in angiotensin II-induced hypertension [19] . Of note, endothelium-dependent vasorelaxation was improved in folic acid-treated diabetic mice (Fig. 6h) , which was accompanied by restoration of DHFR protein abundance and aortic H 4 B content (ESM Fig. 1a-c) . Taken together, these data indicate that approaches effective in restoring DHFR function may serve as powerful therapeutic tools to eliminate eNOS uncoupling and endothelial dysfunction in diabetes. C57BL/6 mice were fed the mitochondrial complex I inhibitor rotenone for 2 days prior to being made diabetic by STZ injection (100 mg/kg per day for 3 days), and throughout the study period of 7 days. Some diabetic mice were transfected with complex III siRNA as described in the Methods section. a Expression of Rieske subunit of mitochondrial complex III. b Circulating levels of rotenone in mice as determined by HPLC analysis (see Methods section). c L-NAME-sensitive superoxide production (eNOS uncoupling activity). d Blood glucose levels. *p<0.05 vs sham mice (n06). White bars, sham mice; black bars, STZ-diabetic mice; Mito III, mitochondrial complex III; RNAi, RNA interference
Discussion
The major novel findings of the present study are: (1) diabetic uncoupling of eNOS is mediated by p47 phox and NOXO1-dependent NOX1 activation; (2) NOX1 deficiency prevents uncoupling of eNOS and endothelial dysfunction in diabetes; (3) neither NOX2 nor NOX4 is involved in mediating diabetic uncoupling of eNOS; (4) mitochondrion does not lie upstream of uncoupled eNOS in diabetes; (5) approaches restoring DHFR function via direct overexpression of Dhfr or folic acid administration are vasoprotective in diabetes by the mechanism of recoupling eNOS.
Our findings demonstrate an upstream role of NOX1 in eNOS uncoupling in diabetes. It was previously shown that production of NOX1, but not that of NOX4, was upregulated in STZ-induced diabetic rats [25] . Utilising RNA This novel role of NOX1 in diabetes shares similarities with its role in angiotensin II-induced hypertension [17, 18, 26] , where it mediates blood pressure regulation. Indeed, we have previously shown that angiotensin II also mediates diabetic uncoupling of eNOS [5] . In line with these findings, angiotensin II is known to upregulate NOX1 level in vascular smooth muscle cells [27] . Therefore NOX1 activation in endothelial cells, vascular smooth muscle cells or both cell types can lead to high levels of superoxide production, H 4 B deficiency and eNOS uncoupling in diabetes. Silencing Nox4 with siRNA or knockout of NOX2 in mice was not effective in preventing eNOS uncoupling in diabetes. These data additionally support the conclusion that NOX1, rather than NOX2 or NOX4, mediates diabetic uncoupling of eNOS. Although NOX5 is produced in human endothelial cells and has been found to be involved in human coronary artery disease [28] , it is not present in rodents [29] .
The p47 phox homologue, NOXO1, has been shown to bind NOX1 to modulate its enzymatic activity [13] . It was also reported to interact with NOX3 [14] , which is, however, not produced in vascular cells. When initially identified, NOXO1 was believed to bind vascular NOX in replacement of neutrophil p47 phox . Nonetheless, both NOX1-null and p47 phox -null mice have attenuated blood pressure and aortic superoxide production in response to angiotensin II [17, 18, 26, 30] , implicating roles of p47 phox in modulating vascular NOX and pathogenesis. Likewise, our data showed that inhibition of either p47 phox or NOXO1 attenuates eNOS Fig. 6 Recoupling of eNOS in diabetes via restoration of DHFR. C57BL/6 mice were made diabetic by STZ injection (100 mg/kg per day for 3 days) and transfected with empty vector or pcDNA3.1-Dhfr plasmid (a-d). Oral administration with folic acid (15 mg/kg per day) was started 2 days prior to induction of diabetes with STZ (100 mg/kg per day for 3 days), and mice were fed with folic acid-containing food throughout the study period of 7 days (e-h). On day 7, blood glucose levels were determined and aortas were harvested for superoxide production using electron spin resonance. a Blood glucose levels. *p<0.05 vs sham. b DHFR levels in diabetic aortas. *p<0.05, ***p<0.001 vs sham. c L-NAME-sensitive superoxide production (uncoupling activity of eNOS). This indicates that eNOS uncoupling is attributed to p47 phox -dependent activation of NOX1 rather than NOX2. Similarly, angiotensin II-induced eNOS uncoupling was not affected in Nox2 −/− mice (data not shown), further confirming that NOX2 activation was not involved. It has been known that p47 phox anchors to plasma membrane through its PX (phox) domain while it binds to p22 phox via its bis SH3 domain, once these domains become accessible after phosphorylation-induced conformational change of the autoinhibitory loop. The PX domain of NOXO1 has been reported to allow membrane targeting and binding of p22 phox , along with the SH3 domain, without agonist stimulation. This is because NOXO1 lacks autoinhibitory loop and phosphorylation sites [14] . Given previous reports, NOXO1 binding has been suggested to be involved in constitutive activation of NOX1 to produce low levels of superoxide, unlike the role of p47 phox , which is supposed to be agonist-dependent. Indeed, substitution of NOXO1 to p47 phox induced a loss of constitutive activation in vitro [13] . On the other hand, NOX1 can be an agonist specifically activated by angiotensin II and platelet-derived growth factor, and p47 phox -dependent NOX1 activation has been documented in vascular smooth muscle cells [27] . We propose that in diabetes NOXO1 is bound to the NOX1/p22 phox complex at baseline, and, when angiotensin II is elevated, p47 phox is phosphorylated and recruited to the complex to fully activate NOX1, leading to initial superoxide production, consequent oxidation of H 4 B and DHFR deficiency, and ultimate uncoupling of eNOS. This proposed mechanism of action is illustrated in Fig. 7 .
Our data have excluded an intermediate role of mitochondrial ROS in diabetic uncoupling of eNOS. Previous findings have shown that cytoplasmic hydrogen peroxide is capable of inducing respiratory enzyme deficiency and ROS production [31, 32] . The opposite might also be true that mitochondrial dysfunction occurs downstream of uncoupled eNOS. Indeed, our data indicate that inhibition of mitochondrial complex I or III had no effect on diabetic uncoupling of eNOS. The detailed mechanisms as to whether and how uncoupled eNOS contributes to mitochondrial dysfunction in diabetes, however, are beyond the scope of the current study. In experimental models with triggered eNOS uncoupling, mitochondrial dysfunction developed in the heart, leading to altered contractile and morphological properties [33] .
In conclusion, our data demonstrate for the first time that activation of p47 phox and NOXO1-dependent NOX1 mediates eNOS uncoupling and endothelial dysfunction in diabetes. The other NOX isoforms, NOX2, 3, 4 and 5, are, however, not involved. Mitochondrion is also found not to contribute to diabetic uncoupling of eNOS. These findings provide innovative insights into oxidase interactions in the setting of diabetes, which are important in understanding sustained oxidative stress and endothelial dysfunction in diabetic patients. We have also shown that oral administration of folic acid, or Dhfr overexpression, potently recouples eNOS in diabetes via restoration of DHFR function. Therefore novel approaches to improve DHFR function and/or inhibit NOX1 may prove to be beneficial in treating diabetic endothelial dysfunction.
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